A method to form and manipulate the properties of nanometer-size liquid bridges by an external electric field is discussed. The properties of bridges are shown to be the result of an interplay among the field-induced polarization of the water layer adsorbed on the surface, the surface energy, and the water condensation from the humid air. For a given tip-sample separation, a simple model predicts the existence of a threshold voltage V th to form the bridge in full agreement with experiments. DOI: 10.1103/PhysRevLett.91.056101 PACS numbers: 68.37.Ps, 07.79.Lh Developments in nanoscience and technology have emphasized the relevance of nanometer-scale solid-state metallic contacts as key elements connecting nanometer and macroscopic worlds [1] . However, despite the interest of capillary forces in many fields, such as microelectromechanical systems, magnetic hard drivers, nanolithography, or tribology, few experiments had been performed that study capillary-condensed water bridges in the nanometer range [2 -5]. Liquid bridges have also played a key role in the STM imaging of poor conducting biomolecules such as DNA molecules deposited on insulating substrates [6] . Recent advances in scanning probe microscopy applications for both imaging and nanofabrication have driven new efforts to understand nanometer-size systems involving capillaries [7] [8] [9] [10] .
Developments in nanoscience and technology have emphasized the relevance of nanometer-scale solid-state metallic contacts as key elements connecting nanometer and macroscopic worlds [1] . However, despite the interest of capillary forces in many fields, such as microelectromechanical systems, magnetic hard drivers, nanolithography, or tribology, few experiments had been performed that study capillary-condensed water bridges in the nanometer range [2 -5] . Liquid bridges have also played a key role in the STM imaging of poor conducting biomolecules such as DNA molecules deposited on insulating substrates [6] . Recent advances in scanning probe microscopy applications for both imaging and nanofabrication have driven new efforts to understand nanometer-size systems involving capillaries [7] [8] [9] [10] .
The electric field plays a relevant role in many systems involving capillaries, for instance the geometry of nanometer-size bridges can be modified by an external electrical field [7] , however, its effects are not yet fully understood. Previous theoretical work has been focused on different aspects of the menisci formation between a tip and a surface [11] , structured pores [12] , capillary forces between spherical particles and substrates [13] , forces between surfaces [14] , and kinetics of capillary condensation [15, 16] in the absence of electric fields. In this Letter we analyze the field-induced formation of nanometer-size water bridges between a tip and a flat surface. We present a theoretical model together with atomic force microscopy (AFM) experimental results. The properties of bridges are shown to be the result of an interplay among the field-induced polarization of the water layer adsorbed on the surface, the surface energy, and the water condensation from the humid air. The experiments were performed with an amplitude modulation atomic force microscope operated in noncontact mode with additional circuits to apply a voltage between tip and sample [7, 17] . For a given tip-sample separation, the model predicts the existence of a threshold voltage V th to form the bridge in agreement with experimental data.
The behavior of V th versus tip-sample distance and relative humidity is also in striking agreement with the experiments.
Let us first consider a parallel plate capacitor in air with relative humidity H and under an applied bias V (see inset in Fig. 1 ). The energy U required to condense a cylindrical liquid column of radius W neck , bridging the gap D between the electrodes is the sum of surface, condensation, and electrostatic contributions. The surface energy term U s is given by 2W neck D LV ÿ 2W 
In the absence of bias, there is a critical distance D C V 0 2=RT=# m ln1=H above which condensation of water is not possible (this critical distance is in agreement with the more complete model discussed in Ref. [15] ). However, for any gap distance D there is a threshold bias V th above which the most stable situation corresponds to the liquid filling the gap between the plates
Experimentally, V th can be determined by measuring the attractive force exerted by the water bridge on the tip. We use an amplitude modulation AFM operated in noncontact mode at resonance (330 kHz) with additional circuits to apply a voltage between a n -silicon tip and a p-type silicon (100) sample (14 cm) [7, 17] . The silicon surface was passivated by a native oxide thin film of 1 nm thickness. The force on the AFM tip is detected by following the tip's oscillation as a function of time ( Fig. 2) : The oscillation amplitude before the application of a voltage pulse is smaller although comparable to the average tipsurface separation D (region I). In Fig. 2 (a) a voltage pulse of 10.4 V is applied for 20 ms. The electrostatic interaction deflects the tip's equilibrium position and changes the AFM resonant frequency which leads to a reduction of the oscillation amplitude (region II). Once the pulse is off, the tip recovers its initial oscillation [ Fig. 2(a) ]. A different behavior is observed by applying a pulse of 11 V for 20 ms. Some amplitude reduction is observed after the pulse. A liquid bridge has been formed and its capillary force reduces the oscillation. However, the meniscus is not in equilibrium and the oscillation slowly tends to its initial amplitude. At fixed D and H, the minimum voltage that generates a pattern similar to Fig. 2(b) is identified as V th .
The experimental results of V th versus tip-sample distance and relative humidity are shown in Fig. 3 (dots) together with the results of Eq. (2) (continuous line). The above model is in qualitative agreement with the experimental results: The condensation energy is increased by lowering H, so higher voltages are required to condense a water meniscus. On the limit of H 100% water condenses spontaneously, and for H 0% there are no water molecules available to form a water bridge. This has been confirmed experimentally by the application of voltages up to 24 V. On the other hand, when the tip-sample distance is increased, electric fields under the tip decrease, and a higher voltage is necessary to induce the formation of a water bridge. However, the parallel plate capacitor model does not explain the existence of a hysteresis behavior in the dependence of the liquid bridge formation on distance and voltage. In the experiments, after turning off the voltage, a capillary force still damps the oscillation of the cantilever [ Fig. 2(b) ].
To fully understand the experimental data we have introduced a more realistic description of the tip-surface geometry (Fig. 1) . The tip is assumed to be a sphere of radius R tip at a distance D from a semi-infinite metallic sample. We have also considered separately two related but different processes. First, the threshold process associated with the sudden, field-induced formation of the liquid bridge. Second, the stability of the liquid bridge versus changes in the applied bias and tip-sample distance. Since the system has axial symmetry, the energy U is a functional of the water surface profile z [see Fig. 1(a) ], Uz 2 R 1 0 ud where is the radial polar coordinate on the sample surface and u is the During the application of the pulse (II) the tip is deflected towards the sample and the amplitude is reduced. However, in (b) some deflection and amplitude damping remains after the pulse is off (III). This is indicative of the formation of a water meniscus. D and H 8.5 nm and 37%, respectively.
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week ending 1 AUGUST 2003 energy per unit area. Taking into account the surface, condensation, and electrostatic energies together with the contribution of van der Waals forces [18, 19] we have
where A is the Hamaker constant and z 0 dz=d. Minimizing with respect to the water surface profile (U=z 0) leads to the Euler equation:
where z 0 is the thickness of the water film in the absence of the tip [18, 20] , z 3 0 jAj# m =6RT lnf1=Hg. This equation is valid as long as we can define a local electrostatic energy per unit area u e z. However, in general, U e depends on the overall shape of the surface [21] . To overcome this problem, we will consider a radial field approximation: Taking spherical coordinates (with the origin at the center of the tip) we assume that, between and d (see Fig. 1 ), the electric field Er; drops like in a spherical capacitor of inner radius r in R tip and external radius r ex D R tip = cos. Taking into account that tan =D R tip , the polarization term can be written as
where E 0 is the radial electric field in the absence of water and r H 2 O for r ex > r > D R tip ÿ z= cos. The numerical solution of Eq. (4) shows that for small voltages, the electrostatic term induces a small bump of the water surface below the tip apex as shown in Fig. 1(a) . The height of the bump increases with the bias. However, before its height becomes comparable with the gap distance, there is a threshold bias above which there is not stable solution without bridging the tip and sample. The dependencies of V th on H, D, and R tip are plotted in Fig. 3 . Excellent quantitative agreement with the experiments is obtained for R tip 30 nm. The instability approximately occurs at a given threshold field on the sample surface. This implies that for tip-sample distances D smaller than the tip radius, the threshold bias increases linearly with D. However, for larger distances (D R tip ), most of the voltage drops in the proximity of the tip's apex and V th increases exponentially with D [22] .
In order to analyze the stability of the system once the liquid bridge has been formed, we have assumed a liquid meniscus having a constant curvature radius which smoothly joins tip and sample surfaces [ Fig. 1(b) ] [15] . We then evaluate the surface and condensation energies taking into account the geometry of the neck [ Fig. 1(b) ] while the electrostatic energy is calculated within the radial field approach. For any bias larger than a critical bias V c , the energy versus bridge radius presents a minimum. V c represents a lower limit such that for V < V c the liquid bridge cannot exist. As expected V c is always smaller than V th .
In Fig. 4 we have plotted V c and V th with respect to D for R tip 30 nm and H 30%. (tip-sample distance), there is a window of tip-sample distances (bias) in which the existence of the liquid bridge depends on the initial conditions. This is illustrated in the inset of Fig. 4 . At larger separations (V 5 V) there is no water meniscus bridging tip and sample. As the tip approaches the sample, there is a threshold distance at which the bridge forms spontaneously. Once the bridge is formed, it remains stable up to a larger critical distance. An equivalent hysteresis occurs for a fixed distance as a function of the bias. It is worth noticing that those critical values are obtained from equilibrium arguments. However, experimentally, the slow kinetics of the condensation may have a dominant role [15, 16] . This explains why, although the hysteresis is observed experimentally, the measured critical distances (voltages) are much larger (lower) than those predicted by the model. The divergence between theory and experiments at short distances is attributed to the presence of local asperities in the experimental tip.
In conclusion, we have presented a model of the fieldinduced formation of water bridges between a tip and a flat surface. For a given tip-sample separation, the model predicts the existence of a threshold voltage V th to form the bridge in agreement with the experimental results. Our results provide a method to form and manipulate the properties of nanometer-size liquid bridges by an external electric field. This could open the possibility to create tiny electrochemical reactors to perform selective chemical reactions at nanoscale.
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